The transient receptor potential (TRP) superfamily contains a large number of proteins encoding cation permeable channels that are further divided into TRPC (canonical), TRPM (melastatin) and TRPV (vanilloid) subfamilies. Among the six TRPV members, TRPV1, V2, V3, and V4 form heat-activated cation channels, which serve diverse functions ranging from nociception to osmolality regulation. Although chemical activators for TRPV1 and V4 are well documented, those for TRPV2 and V3 are lacking.
addition to inhibition, low concentrations of 2APB enhanced the activity of store-operated channels [26] . At greater than 50 µM, 2APB activated a Ca 2+ permeable non-selective cation channel with a 50 pS single channel conductance and very low open probability in rat basophilic leukemia (RBL) cells [31] .
2APB has been perceived as a general inhibitor of TRP channels [1] . However, except for TRPC3 [24, 32] , the effects of this drug were often examined on presumptive endogenous TRP channels [33] [34] [35] , of which the molecular compositions are uncertain. It is possible that an unknown subunit confers the 2APB sensitivity of the native channels.
Therefore, it is important to confirm the effects of 2APB on heterologously expressed TRP channels. Here, we used TRPC6, TRPM8 and TRPV1 to represent each of the three major TRP subfamilies and examined the effects of 2APB on their activities. We confirmed that TRPC6 and TRPM8 were inhibited by 2APB. However, to our surprise, 2APB activated TRPV1 expressed in HEK293 cells and in Xenopus oocytes. In rat dorsal root ganglion (DRG) neurons, 2APB elicited currents that were potentiated by capsaicin or low pH. Finally, we showed that 2APB also activated TRPV2 and V3 and therefore is a common activator of three TRPV channels.
EXPERIMENTAL PROCEDURES:
DNA constructs, cell culture, and transfections: cDNA for murine TRPC6 was cloned as previously described [36] . cDNAs for murine TRPV1 (GenBank Acc# AY452083) and TRPM8, murine TRPV3, and human TRPV4 were isolated from total RNA prepared from mouse DRG, mouse skin, and human endothelial cells, respectively, by RT-PCR using oligonucleotide primers designed based on published sequences. The correctness Warwick, RI, USA) and at the same time digitized at 100 Hz using a PowerLab Data Acquisition System (ADInstruments, Colorado Springs, CO, USA). The low pH solutions were made of (in mM) 100 NaCl, 2.5 KCl, 1 MgCl 2 , 1.5 EGTA, 5 MES, adjusted to the desired pH with NaOH. 2APB, capsaicin, and other drugs were dissolved in the bath solution at the desired final concentrations and applied to the cells by perfusion. Temperature changes were made using a CL-100 Bipolar Temperature 
RESULTS:

Differential effects of 2APB on TRP channels
In transiently transfected HEK293 cells, the OAG (10 µM)-evoked TRPC6 currents and the menthol (100 µM)-elicited TRPM8 currents were inhibited by 2APB in a dosedependent manner (Fig. 1A&B ). When activated, both channels gave rise to outwardly rectifying currents, which reversed near 0 mV. 2APB blocked both the inward and the outward currents with the blockage of the inward current being slightly more effective.
The TRPC6 currents were incompletely blocked by 300 µM 2APB to 47.6 ± 6.7% at -100 mV and 35.4 ± 4.3% at +100 mV of the control response (n = 5). The IC 50 values were Page 11 +100 mV (n h = 1.1 ± 0.2). The TRPM8 currents were abolished by 300 µM 2APB. The IC 50 values were 7.7 ± 2.2 µM (n h = 0.9 ± 0.2, n = 5) and 11.6 ± 1.2 µM (n h = 1.2 ± 0.2) at -100 mV and + 100 mV, respectively. In contrast to TRPC6 and TRPM8, TRPV1 was dose-dependently activated by 2APB in the absence of any TRPV1 agonists (Fig. 1C) . At 0.3-1.0 mM, 2APB evoked a current that was comparable to that elicited by 1 µM capsaicin, both in current amplitudes and the shape of the current-voltage (I/V) curves.
The EC 50 values of 2APB for TRPV1 activation were 197 ± 13 µM at -100 mV (n h = 1.8 ± 0.1, n = 6) and 130 ± 17 µM at +100 mV (n h = 1.5 ± 0.2).
The response to 2APB was also detected in Xenopus oocytes injected with the cRNA for mouse TRPV1 (Fig. 2) . Defoliculated Xenopus oocytes were injected with TRPV1 cRNA and TRPV1 activity was measured 2-4 days later using two-electrode voltageclamp techniques. Cells were held at -40 mV and placed in a nominally Ca (Fig. 2A&C) . However, the competitive capsaicin antagonist, capsazepine, at 30 µM only blocked ~30% of the response elicited by 2APB, although it almost completely inhibited the response activated by 1 µM capsaicin ( Fig. 2A-D) . The weak effect of capsazepine on 2APB-induced currents was not unexpected because for the mouse TRPV1, the antagonist was also very weak at inhibiting the currents elicited by acid or heat (data not shown). Similarly poor inhibitions of acid-and heat-induced Page 12 responses by capsazepine were found for rat but not human TRPV1 channels [37] .
Together, the above data demonstrate that 2APB is an activator of TRPV1.
Potentiation of TRPV1 responses by 2APB
TRPV1 is a polymodal sensor responsive to multiple stimuli such as, heat, protons, and the principal pungent ingredient of chilli peppers, capsaicin [7, 21] . When expressed in HEK293 cells, TRPV1 is partially activated by low concentrations of 2APB (100 µM) or capsaicin (0.3 µM). When added together, these drugs caused a large increase in TRPV1 activity (Fig. 3A) . The average increase was 9.0 ± 2.0 fold at +100 mV and 32 ± 11 fold at -100 mV (n = 7) as compared to the currents elicited by 2APB alone.
Similarly, the response to 2APB was strongly potentiated by weak extracellular acidification to pH 6.5, which by itself had a very small effect on TRPV1. The average increases evoked by 2APB at pH 6.5 were 25.0 ± 6.0 and 21.0 ± 8.0 fold (n = 6) at +100 and -100 mV, respectively, as compared to the current elicited by 2APB at pH 7.4 ( Fig.   3B ). For the transiently transfected HEK293 cells, the response to the low concentration of 2APB as well as to that of capsaicin or protons was quite variable, presumably because of differences in the levels of channel expression. Noticeably, there was a negative association between the initial response to 2APB and the increase that was elicited by the co-application with the low level of capsaicin or weak acid. Cells that responded weakly to 2APB, which also had weak responses to capsaicin or acid, typically displayed more potentiation than those that responded strongly (Fig. 3C) .
The effect of 2APB on capsaicin-and acid-induced activation and that of capsaicin and acid on 2APB-evoked activation of TRPV1 were studied in more detail in Xenopus (Fig. 4B ) with a decrease in the EC 50 value from 315 ± 13 µM (n h = 2.27 ± 0.24) to 34 ± 2 µM (n h = 0.92 ± 0.05). Likewise, the EC 50 value for protons to activate TRPV1 changed from pH 5.220 ± 0.001 (n h = 1.37 ± 0.02) in the absence of 2APB to pH 6.036 ± 0.005 (n h = 1.00 ± 0.01) in the presence of 100 µM 2APB (Fig. 4C) . The EC 50 value of 2APB also decreased from 322.0 ± 0.8 µM (n h = 3.10 ± 0.04) at pH 7.5 to 159.1 ± 5.9 µM (n h = 1.60 ± 0.10) at pH 6.5 (Fig. 4D) . These results indicate that 2APB and the other two activators of TRPV1 (capsaicin and acid) sensitized effect of each other. Interestingly, with the presence of another stimulus, the Hill coefficient of the dose response curve to a given ligand was typically decreased to half of the original value when it was applied alone, suggesting that sensitization is accompanied with a decrease in cooperativity. In addition to the chemical activators, the response to 2APB was also enhanced by heat. At 40 o C, the TRPV1 current evoked by 100 µM 2APB was about 9 times larger than that obtained at 22 o C (Fig. 4E) . Therefore, 2APB acts synergistically with other known activating factors of TRPV1 channels.
Effect of 2APB on DRG neurons
In order to examine its effects on native capsaicin receptors, we applied 2APB to acutely cultured rat DRG neurons. In capsaicin-sensitive cells held at -70 mV with perforated patches, 2APB dose-dependently evoked an inward current (Fig. 5A) , which was inhibited by 3 µM ruthenium red (Fig. 5B ) and, to a lesser extent, 10 µM capsazepine (Fig. 5C ). Although 30 µM 2APB alone did not activate any current, it significantly increased the current induced by 0.3 µM capsaicin (Fig. 6A) . Similarly, the response to weak acid (pH 6.5) was also strongly increased in the presence of 30 and 100 µM 2APB (Fig. 6B) . The potentiated responses were inhibited by 10 µM capsazepine (Fig. 6C&D) .
Therefore, like the heterologously expressed TRPV1, native channels in DRG neurons were activated by 2APB and this effect was augmented by capsaicin and protons.
Notably, the inhibition by capsazepine showed a clear difference depending on whether or not the channels were activated by capsaicin. The current elicited by 0.3 µM capsaicin plus 30 µM 2APB was totally inhibited whereas that activated by 300 µM 2APB alone or 100 µM 2APB in pH 6.5 was only blocked less than 60% by the antagonist (Fig.   5C and Fig. 6C&D ). This, together with the result shown in Fig. 2 , suggests that 2APB and capsaicin activate the TRPV1 channels using different mechanisms.
Activation of TRPV1-3 by 2APB
To determine the specificity of 2APB in the activation of TRPV channels, we examined its effect on the six known TRPV channels in transiently transfected HEK293 cells by measuring intracellular Ca 2APB. Fig. 7B shows the specificity of cDNAs used in these experiments. For the same sets of transfections, both mouse and rat TRPV1, but not other TRPVs, were activated by resiniferatoxin and N-arachidonyl dopamine, two known activators of TRPV1 [7, 38] .
Only TRPV4 was activated by its selective activator, 4αPDD [20] . Cells transfected with TRPV5 and V6 had elevated basal fluorescence levels (not shown), consistent with them being constitutively active [4, 5] . Therefore, among all TRPV channels, TRPV1-3, but not TRPV4-6, were activated by 2APB. Concentration response curves showed that in the Ca 2+ assay performed at 32 o C, the EC 50 values of 2APB were 114 ± 8, 129 ± 13, and 34 ± 12 µM (n = 3) for TRPV1, V2, and V3, respectively (Fig. 7C) . These results demonstrated that 2APB is a common activator of TRPV1, V2, and V3. At 32
is more effective at stimulating TRPV3 than TRPV1 and V2.
2APB-induced TRPV2 and TRPV3 currents
2APB-evoked whole-cell currents were recorded in HEK293 cells that expressed TRPV2 and V3 at the room temperature. At 1 and 3 mM, 2APB evoked weakly rectifying currents that reversed at 0 mV in cells that expressed TRPV2 (Fig. 7D) . Both the inward and outward currents were inhibited by 3 µM ruthenium red, but the inward current was blocked more strongly. For cells that expressed TRPV3, significant currents were elicited at 30-300 µM 2APB (Fig. 8E) . The I/V curves revealed stronger outward and inward rectifications than TRPV2 and the reversal potential was also at 0 mV. These data established 2APB as the first known chemical activator of TRPV2 and TRPV3. The activation by 2APB appeared to require an extracellular binding site because infusion of up to 1 mM 2APB through the patch pipette for > 6 min failed to elicit any current ( 8A, n = 5) in cells that expressed TRPV3. However, subsequent application of 2APB in the bathing solution elicited TRPV3 currents. Ruthenium red (3 µM) abolished the inward current evoked by 2APB and also caused a large increase in the outward current at potentials higher than 40 mV (Fig. 8A, I/V curves, trace d, gray) . Similarly, intracellular injection of 40 mM 2APB did not activate TRPV1 expressed in Xenopus oocytes. Nor did it affect the response to the extracellular application of 2APB. The EC 50 values for the extracellularly applied 2APB were 249 ± 19 µM (n h = 1.9 ± 0.3, n = 7) and 216 ± 10 µM (n h = 2.4 ± 0.2 n = 6) for the uninjected cells and cells injected with 2APB, respectively.
Note the oocytes used for these experiments were 7 days, instead of 4 days, after the cRNA injection. Therefore, the EC 50 values for 2APB are lower than those in Fig. 4 because of higher expression levels of the channels. 2APB (300 µM) activated TRPV3 expressed in Xenopus oocytes and the response was blocked by ruthenium red but not by capsazepine (Fig. 8B) . Since TRPV3 is a heatactivated channel, we examined whether there was a synergistic effect between 2APB and heat on TRPV3 activity. Fig. 8C shows that although application of 100 µM 2APB at (Fig. 8D) . Therefore, like the behavior of TRPV1, the 2APB-induced response of TRPV3 was potentiated by another activating factor, heat. 
DISCUSSION:
TRPV1 is the founding member for the TRPV family, among which, TRPV1, V2, V3, and V4 form heat-activated channels responding to temperatures higher than 43, 52, 31, and 25 o C, respectively. TRPV1 is well-known for its contributions to acute thermal nociception and injury-elicited hyperalgesia [39, 40] . TRPV1 channels are activated by heat, acid, and a large number of chemical stimuli including the vanilloid compounds and endogenous substances, such as anandamide, N-arachidonyl dopamine, and several lipoxygenase products [7, 13, 21, 38, 41] . TRPV4 is activated by 4αPDD and several epoxygenase products derived from arachidonic acid [14, 20] . The use of chemical ligands has greatly facilitated the understanding of the structural and functional relationships as well as the physiological roles of TRPV1 and V4. Until recently, a similar tool had been lacking for TRPV2 and V3, although these channels are expected to share equal importance with TRPV1 in sensing warm to noxious heat and other functions related or unrelated to TRPV1. While the expression of TRPV2 in DRG and trigeminal ganglia is distinct from that of TRPV1 [8] , TRPV3 was found to co-express and form heteromultimers with TRPV1 [9] . Our finding that 2APB is an activator of TRPV2 and TRPV3 should significantly help in the study of these channels.
To the best of our knowledge, other than heat, there is no common stimulus for TRPV channels. 2APB is the first chemical ligand now shown to activate TRPV1, V2 and V3. This suggests a common mechanism for the activation of these channels.
Identification of the critical sequence region(s) involved in the 2APB-evoked responses will be necessary for understanding the mechanism. Our finding that intracellular application of 2APB in the HEK293 cells and the oocytes did not activate TRPV1 and TRPV3 suggests that one or more extracellular sites must be important for activation by the drug. The quick washout of the 2APB effect in TRPV1, as compared to the slow washout of the capsaicin response, is consistent with the above hypothesis, which also agrees with the proposal that the 2APB binding site is located extracellularly for the inhibition of TRPC3 channels [32] . Notably, 2APB displayed selectivity for specific members of the TRPV subfamily. TRPV4, V5, and V6 are not activated by 2APB.
Others found that 2APB slightly increased the constitutive activity of TRPV6 when it was overexpressed in HEK293 or RBL cells [42, 43] . However, at low expression levels, the store-operated channels formed by TRPV6 in the RBL cells were inhibited by 2APB [43] .
While this article was under revision, another report appeared showing that 2APB not only activated TRPV3 heterologously expressed in HEK293 cells at the room temperature but also endogenous channels in mouse primary keratinocytes when it was combined with heating [44] . This is in agreement with our data on TRPV3. However, in contrast to our data on TRPV1 and V2, 2APB was reported to be ineffective on TRPV2 and very weak on activating TRPV1 [44] . The discrepancy may be explained by the different concentration ranges of 2APB used between the two studies. Our results clearly demonstrate that rather than being a specific agonist of TRPV3, 2APB is a common and strong activator of these TRPV channels.
The sensitivity to 2APB was greatly enhanced when it was combined with other stimuli for the TRPV channels. Inversely, the presence of 2APB also increased the sensitivity of the TRPV channels to other stimuli. This shift in sensitivity may explain the so-called "supra-additive effect" found for the different cues that activate TRPV1 and V4 [7, 45, 46] . Apparently, the presence of one kind of ligand reduced the cooperativity of the channel to another stimulus, suggesting that the channel could be simultaneously occupied by two different ligands. However, direct competition between these ligands for binding to the same site(s) on the channel is unlikely since different mechanisms are involved in the activation of TRPV1 by vanilloids, protons, and heat [47] [48] [49] and the stimulation of TRPV4 by 4αPDD, heat, and cell swelling [50] . It is likely that the mechanism of channel activation by 2APB differs from that for capsaicin or protons because 2APB
activates not only TRPV1, but V2 and V3 as well. On the other hand, the fact that heat and 2APB have the same potency order (V3>V1>V2) suggests that a similar mechanism may be involved for the activation by these two stimuli.
Our data show that in HEK293 cells, the diacylglycerol-activated TRPC6 currents were partially inhibited by 2APB. The effect of 2APB on TRPC3, a closely related channel, has been controversial with reports describing either a complete [24] or a partial [32] block of receptor-activated, but not diacylglycerol-stimulated TRPC3 activity [24] .
In chicken B lymphocytes, TRPC3 was activated by 2APB, presumably through activation of a phospholipase C γ complex [51] . The inhibition of TRPM8 by 2APB is consistent with the blockade of menthol-elicited currents in DRG neurons [35] . Most importantly, we show that 2APB is not only an inhibitor of TRPC and TRPM channels but also an activator of TRPV1, V2, and V3. Whether or not 2APB has a common mechanism of action on each channel remains to be elucidated. Nevertheless, analogs of 2APB are attractive candidates for development of more selective agonists and/or antagonists for TRP channels, some of which may prove to be valuable in future studies for therapeutic use in pain management and treatments of disorders that might be related to dysfunctions of heat-activated TRPV channels. by guest on 
